One figure known as Enigma was created by Leviant (1982 Leviant ( , 1996 by superimposing concentric grey circles on a radial pattern. The rapid movements perceived within the rings have been the focus of a number of studies (Fermu« ller et al 1997; Kumar and Glaser 2006; Hamburger 2007; Troncoso et al 2008) .
The illusory effects generated by thin parallel lines appear even in images made up of discrete units such as a group of shapes or textures. This can be seen very simply by viewing a sheet of paper filled with circles at close distance: phantom shadows and colours are perceived. Some Op-Art paintings exploit these`expressions' (Wade 1978) , but to-date there has been no systematic investigation of these images apart from the best-known pattern of discrete units in vision research, the Hermann grid.
Hereafter in this present study`dotted patterns' indicates a set of discrete (isolated) figures arranged either regularly or irregularly, while`linear patterns' (or gratings) indicates a set of parallel straight lines. Two studies have demonstrated how groups of regular figures can be a source of considerable misperception as regards orientation and coplanarity of the pattern's individual units. Sowden and Watt (1998) illustrated a phenomenon of apparent`jittering' when small squares are randomly arranged on a surface: the squares appear to be tilted``about their midpoint relative to each other'' (page 439). Foster and Altschuler (2001) studied a classic checkerboard pattern and provided a convincing proof that it appears distorted as if``a spherical bulge is protruding from the grid'' (page 393).
The above studies confirm that there is clear interest in a detailed study of the illusory effects that alter perception of the alignment of discrete figural units, making comparison with the effects observed with linear patterns (gratings). Simple demonstrations are enough to show that not only are the groups of discrete units a source of illusory effects in themselves, but they can also affect the perception of the linear patterns. Figure 1a shows the classic pattern of Luckiesh and Moss (1933) in horizontal orientation; after prolonged fixation, the above-mentioned illusions will appear. Now observe figure 1b, where every third continuous line of figure 1a is replaced by a dotted line: the distorting effects are evident at first glance and give prevalently an impression of wavy lines. In other words, the appearance of discrete units in the place of continuous units brings about a vivid illusory effect that otherwise would have required a steady prolonged fixation.
The effects generated by a dotted line also seem to extend to the edges. Figure 2a shows horizontal stripes; below, some of these have been replaced by linear arrangements of small circles (figure 2b) or squares (figure 2c). The illusory effects reported by observers are of various types: waving edges, scintillating (rapid appearance of white/dark streams within the black/white stripes), movement (undulation), shimmering (like heat waves). The impressions arise with both binocular and monocular vision and are dynamicöfor example, a contour deformation does not have a stable location and disappears when the gaze tries to fix on it. Interposing a dotted pattern between wide bars therefore gives rise to a rich set of effects on both the linearity perception of edges and the perceived surface of stripes.
These observations lead to the deduction that the dotted patterns induce illusory effects without prolonged fixation and at first glance. They are perceived both monocularly and binocularly. Drawing conclusion about their role öwhether as direct cause or as co-cause of the illusory effectsöwould be premature since in figures 2b and 2c they might play the role of catalysing waving phenomena that originate in the continuous line.
Here we seek to understand the distorting power, if any, of the dotted patterns. In particular we will demonstrate that: (i) they are an autonomous source of illusory effects; (ii) in the linear patterns, illusory effects can be observed at first glance; (iii) alternated dotted and linear patterns combine their distorting effects with reciprocal enhancement.
These three suppositions are demonstrated in the following section, after which it should be possible to explain the illusions perceived in figures 1b, 2b, and 2c.
The dotted patterns as autonomous source of illusion
In this section we present three figures (figures 3, 4, 5) that in our view demonstrate that a row of discrete units can be a source of illusory effects.
1.1.1 Edges and dotted lines. In figures 3a and 3c linear dotted patterns are drawn parallel close to one (figure 3a) or two (figure 3c) edges. Observers agree in describing these edges as wavy, demonstrating that the presence of a row of dots and not a series of parallel lines is sufficient for the waving illusion to arise. The effects of dotted patterns can be seen by comparing figures 3a and 3c (dotted patterns present) with figures 3b and 3d (dotted patterns absent). 1.1.2 Waving and frequency. In figure 4 dotted patterns alternate with horizontal white bands. A change in frequency of waving/vibrating is observed, becoming lower on moving from pattern (a) to pattern (d), with variation in direct relation to the variation in the number (frequency) of the units comprising the dotted patterns. This can be considered proof that the waving illusion of the horizontal edges is a derivative effect of the original phenomenon arising within the dotted patterns.
1.1.3`Autonomous' misalignment. In figure 5 small ellipses and diamonds are linearly arranged at regular distances along a line through their short axis. Observers asked to judge whether the 2-D elements form a perfect straight-line array (or are aligned with their ends between two close, parallel, straight lines) reported perceiving öinstantlyö small yet very clear deviations from linearity. The most common attribute reported is`w aving''/``undulating''. But, as noted previously, this deformation cannot be seen by directly observing a limited part of the row for any sustained period (more than an instant). From this latter observation, it can be concluded that a row of identical small shapes can be perceived as altered in linearity without the intervention of any contextual inducing factors, for example parallel lines or edges. To extend the study of this phenomenon, we carried out an empirical enquiry, asking observers to evaluate the straightness of a linear arrangement of different geometrical figures of different sizes.
Experiment
The experiment is designed to demonstrate that regular shapes arranged in parallel straight lines across a full viewing width can appear to deviate from linearity (see figure 5 ). Various patterns were presented to participants on a flat computer CRT screen at a 90 cm viewing distance. Three different geometrical figures (2-D elements, hereafter) were used: ellipses, squares, or diamonds. The ellipses and diamonds were presented with the longer axis vertical or horizontal. In the latter case, this longer axis was aligned with a horizontal axis for 26 cm (16.4 deg of visual angle).
Five different sizes of 2-D elements were used. Diamonds and ellipses were produced with sizes determined by inscription within five rectangles of the following dimensions: 21 mm612 mm (1.3 deg60.7 deg), 17 mm69 mm (1.1 deg60.57 deg), 12 mm 65 mm (0.7 deg60.3 deg), 9 mm64 mm (0.57 deg60X25 deg), 6 mm63 mm (0.38 deg6 0.19 deg). Square sides used were: 9 mm (0.57 deg), 5 mm (0.31 deg), 4 mm (0.25 deg), 3 mm (0.19 deg), 1.5 mm (0.08 deg). 2-D elements of one single size were aligned horizontally to form a strip: this constituted the stimulus for presenting to the observer for evaluation. The 2-D elements were separated by a regular 4 mm space in all conditions.
A total of 25 strips were obtained, 5 for each of the 5 shape-conditions: vertical ellipses, vertical diamonds, squares, horizontal ellipses, horizontal diamonds. Ten of these stimuli were chosen, two for each size, as a control stimulus in which some 2-D elements were displaced slightly (minimum by 1 mm, maximum by 10 mm) from the horizontal axis. A sixth shape-condition was also added, in which the shapes were geometrically misaligned.
Viewing took place in a dimly lit room. The stimulus (10.8 cd m À2 ) presented persisted on the screen (55.7 cd m À2 ) for 3 s, then a mask configuration followed for 3 s and a successive trial was initiated. For each stimulus the procedure was repeated twice. The 35 stimuli were presented in random order to ten volunteers naive to the aims of the experiment. Nine of them were in the age range 20^28 years (mean 24.7 years; SD 4.14 years), the tenth was a 55-year-old professor of vision science. They all had normal or corrected-to-normal visual acuity. At the beginning of the experimental Figure 5 . Linear arrangements of ellipses and diamonds. In both cases, the rows of elements are aligned between two close, straight, parallel lines but the observer sees them as deviating from linearity. These patterns are similar to stimuli used in the experiment.
session the participants were shown a sheet of paper displaying four horizontal arrangements of small regular shapes, and instructed as follows:`H ere you see some geometrical figures arranged to run right across your viewing width. Your task is to say whether they appear as perfectly aligned on a straight line or deviating from it. Do not make measurements or any other analytical operation. Accept only your very first impression and give the response. The sets of figures to be presented are made up of series of geometrical figures identical in size and shape that seem to form linear arrangement perfectly straight or departing from straightness in gradual degrees. Now observe these four drawings, showing four series of identical shapes. In the top series, the elements are perfectly aligned along a straight line. If this is your impression give response rating of 1 (perfect linearity). Now look at the series at the bottom. You will see that the shapes deviate from linearity to form irregular curves. If you perceive marked deviations from linearity such as these, give response rating of 4 (maximum deviation from straightness). Other arrangements will appear to deviate from straightness, but less severely. Give a rating of 2 (or 3) for smaller (or larger) deviations intermediate between perfect linearity and maximum deviation''.
Some training trials followed. Figure 6 shows the mean ratings for the six shape-conditions, plotted as a function of the five size levels. A 665 ANOVA was carried out, with the six different shapeconditions and five levels of shape sizes as factors. The results were significantly affected by the shape-condition factor (F 5 45 136X7, p 5 0X001). The interaction between this factor and the shape-size factor was found to be significant (F 20 180 3X29, p 5 0X001). A posteriori comparisons were carried out to give a better understanding of the significant results. Two mean ratings out of six did not statistically differ ( p 4 0X05): those from observations of horizontally oriented squares and ellipses. All the other mean ratings significantly differed ( p 5 0X01). This allows simple interpretation of the data in figure 6: the strength of the illusory effects increases from a minimum value when the ellipses and diamonds are oriented horizontally, to a maximum when orientation is vertical. To conclude, the judgments of the observers confirm that the linearity of discrete figural units is misperceived and that the effect is more vivid when the local directional cues are not congruent with the horizontal orientation of the global pattern.
Results
2.2 Discussion of dotted patterns as an autonomous source of illusion The main results obtained from both phenomenological demonstration and observers' judgments indicate that the dotted patterns are the source of the wave illusion and that this source propagates its effects, disturbing the linearity perception of edges nearby. We will discuss this latter effect later, and focus here on the causes of the misperception of straightness.
It is well known that mistakes are fairly common when we estimate the straightness of a series of points. In a three-dot alignment task, Sittig and de Graaf (1994) found considerable judgment errors that increased (up to 48) when the dot alignment direction was oblique. Greene and Frawley (2001) found the errors in collinearity judgment to be a function of the angular position of the stimulus elements, each observer presenting a particular`error profile'. Judgment errors decreased with large number of elements, leading to the hypothesis that`overall-straightness' mechanisms have a predominant role (Sittig and de Graaf 1994) . Straightness proves to be a strong grouping factor that facilitates the detection of a dotted pattern when there are also conditions of high linear extension and high density of components (Uttal 1971 (Uttal , 1973 Pizlo et al 1997) .
Our experimental data are only partly in line with these conclusions. The dotted patterns used so far share the three properties of straightness, high density, and linear extension. Consequently, an assessment of perfect straightnessöinstruction rating 1ö would have been expected as the commonest from observers viewing rows of elements lying along a straight line. However, we found the opposite: the straightness rating of 1 not only is rare but it occurs mainly for the judgments of lower-density stimuli (as is also the case for horizontally oriented rows of ellipses and diamonds). As noted above, these configurations are made up of collinear components, a circumstance that, combined with geometrical straightness, causes the grouping factors (good continuation) to act with particular strength; this does not arise when the ellipses and diamonds are vertically oriented. The geometrical straightness is likely to generate only weak effects on perceptual grouping if the local directional cues are orthogonal to the orientation of the row. The whole configuration lacks cohesive forces; our hypothesis is that in this case (but also with dotted patterns) there is more exposure to disorders or disturbance (interference), in particular to the simultaneous action of factors that alter the organisation, for example by causing splitting into subgroups.
To understand how these factors act, the dotted pattern should be considered as a source of information, and any disturbing events sought. The visual system is informed of the presence of a straight dotted pattern when each segment connecting two points preserves a direction and the dot spacing is invariant. Even small variations in these parameters convey new information. Consider for simplicity the second parameter, the dot spacing. Figure 7 illustrates how altering the regularity of the spacing generates a variety of phenomenal impressions: break in continuity, splitting into subgroups, lines going out of plane (producing depth), curvature, and so on (see caption of figure 7).
Hypothesis on the origin of the effect
Our hypothesis is that, during the observation of a long row of dots, computation of the spacing is disturbed in some regions of the visual space, such that the spacing does not appear regular. These errors in spacing computation have more than one source. Eye movements are likely to be involved in such mistakes when the dots are distributed along a wide spatial extent. Ocular motion changes perspective continuously, with one stimulus portion projected for only an instant into the foveal region; it then slips into the peripheral region. Sometimes the spacing between two points is likely to be perceived as altered, though by only a tiny amount and for only an instant. Nevertheless, the role of eye movements in the illusory effect of the repetitive patterns is under debate. Data documenting their involvement are provided by Wade (1977) , Zanker et al (2003) , and Troncoso et al (2008) . Saccadic movementsöthe compression of visual space (see Ross et al 2001, for a review)öhave a significant effect, which strongly underpins the idea that the regularity of the dot pattern may be misperceived. However, the role of eye movements as cause was ruled out by MacKay (1957); Kumar and Glaser (2006); and Hamburger (2007) in Enigma.
In addition to eye movements, other sources of errors in space computation may occur. Early researchers on illusory waving and shimmering considered astigmatic fluctuation in accommodation as a cause (see Wade 1977) ; Gregory (1993) offered an analysis of its role in the Enigma illusion. An alternative account of this illusion was put forward by Mon-Williams and Wann (1996) who concluded that the cause lies in the eye's asymmetric aberration (Walsh and Charman 1988) , a phenomenon which has been understood owing to findings obtained by novel techniques, allowing remarkable insight into the relevance of wavefront optical aberrations and their effect on spacing computation. If the dots are now replaced by 2-D elements, new information is conveyed and further possibilities for disturbance arise. When regular figures are arranged along a straight line, observation errors may affect their apparent spacing as well as their size and shape (form). These variations can be interpreted as depth cues. For example, if in a row of ellipses one appears as thinner, it may be perceived as tilted into the plane of the page around the major axis.
There is also a further source of alteration of the perceptual space to consider, in cases where the space occupied by a group of discrete units appears to be crossed or partly covered by illusory shadows, colours, or iridescences. We conjecture that these illusory effects are treated as depth cues and may be a cause of mislocation as well as alteration in shape of the component figures.
We can thus refine our hypothesis as follows: öPerceiving a row of regularly spaced points can give rise to a disturbance or failure that generates variation in spacing. When the points are replaced by 2-D elements, the number of sources of variation increases, since shape and size become factors. öThe failures or disturbances that alter the spacing, shape, and size of the elements of a row of figures generate depth cues. öIllusory shadows or generic variation in brightness perceivable in a group of discrete elements give rise to depth cues. öThe depth cues generate impressions of the dots leaving the plane of observation; some of these impressions can sum and give rise to the illusion of waving. A straight row of 2-D elements is exposed to more complex references, and may appear as deviating from straightness and lying on a non-flat (corrugated) surface.
This last point deserves further examination. Comments such as``a ribbon with points printed on it that is not completely laid flat'',``wet sheet that is crumpling up'', given by two observers of figure 3a, provide insight here: these descriptions focus on the irregularity of the surface rather than of the dot spacing or its variation. Why one perceives an arrangement of regular dots on an irregular surface rather than groups of dots or dots independently fluctuating in space may have the same basis as why a solid rotating object is sometimes perceived during observation of shadows moving on a flat surface or lights moving in the dark. The phenomenon öknown as`kinetic stereoscopy' (Musatti 1924; Wallach and O'Connell 1953) ödemonstrates that the visual system interprets independent motion of several dots as if they were parts of a solid body, thus part of a common movement. The most striking demonstration of`composition' of different motions is the case of perception of the so-called`biological motion' (Johansson 1975 ). The conclusion is that something similar happens when looking at a strip with a row of points arranged along its length: as a result of their irregular spacing (varying in time) the dots are no longer a coherent whole but group in 2-D space that is not perfectly flat, ie is undulating.
This assumption is the starting point for understanding the`propagation' of the waving effects, ie the perception of an illusory waving of a continuous strip when it is drawn close to a dotted pattern. What may appear as wave propagation can consist in a complex perceptual grouping that leads patterns öboth dot and linearöto merge into the same organisation. A non-flat surface is the common space. We will return to this last development of the hypothesis after analysing the illusory effect resulting from a grating.
3 Grating as a source of illusion Use of a grating of wide bars is not common in experimentation on repetitive patterns. However, if the stripes are arranged parallel and close to each other, interesting illusory effects arise at first glance (or with latency of a few seconds). In figure 8a , these effects can be seen by steadily fixating the centre of the pattern: spots of grey shadows (cloudy streaks) are seen in the spaces between the horizontal dark bars, appearing briefly and then disappearing. With reproduction of the same figure in negative, light shadows are observed in what are now the dark areas. This phenomenon will be classified as`shimmering', although some of its manifestations are characterised by scintillation and movement. The phenomenon vanishes as soon as the figure is observed with one eye closed.
The crucial observation that the effect is perceived only binocularly indicates that its origins are due to imperfect fusion of the two retinal images. Figure 8b shows an example of this effect. Two pairs of horizontal bars symbolise the two retinal projections. They are spatially displaced to represent the failed fusion. Signs`' and`À' indicate the lighter and the darker side of the edges (contrast polarity). The alternation of contrast polarity reproduces a condition of luminance gradients (in discrete steps) that can alter the brightness of the surfaces (figure 8c). On one side of a contour, a phenomenon of colour induction or spreading has to occur if the contrast is much lower than on the opposite side (Pinna and Grossberg 2005) : this is what is found on the white ground when separated from the inner surface of a shape by a grey^black contour. Our hypothesis is that the rapid appearance of grey shadows (shimmering) is the outcome of a temporary darkness induction, which originates in a region of the visual field (periphery) where the two retinal images do not perfectly fuse. Alternative hypotheses to brightness induction are possible, but we confine our consideration to phenomena that to our knowledge are largely unexplored. A simple experiment gives an idea of their strength. Fixate two horizontal black bars, then diverge the eyes as in a stereoscopic-vision experiment. The retinal images do not fuse. Now tilt the head or image by a small angle so that the horizontal borders do not overlap and look along the region of double image: the colour of the more distant bar is irregular, changing from dark to light. The well-known phenomena of binocular rivalry are probably playing a crucial role, but in this case account should also be taken of the possibility that they can act intermittently and affect only a region of the visual field.
4 The combined action of the two sources of illusory effects Dotted and linear patterns are sources of different illusory phenomena that can be distinguished in two sets: waving/vibrating in the former; shimmering or scintillating in the latter. The crucial fact that requires explanation is that the waving/vibrating effect increases in strength and vividness when dotted and continuous lines alternate. Our hypothesis is that the autonomously generated effects combine and reciprocally enhance. Specifically, we conjecture that the characteristics of the surfaceöflat or corrugated, rigid or elastic öare defined by the dotted patterns. The depth cues they generate, though fleeting and of small intensity, have sufficient strength to condition the spatial organisation of the whole percept comprehending dotted and linear pattern. For the visual system, a continuous waving line and a row of elements (shapes) is preferable to a rigid bar and a series of fluctuating figures. The waving illusory effect in turn underlies the influence of the shimmering/scintillating effect. The cloudy streaks that originate in the grating pattern may be interpreted as depth cues, shadows that form temporarily and have fuzzy contours. The hypothesis is that the visual system, in addition to the difficulty of computing numerous depth cues, is also having to deal with false cues. These generate the impression of concavity/convexity of small extensions that enhance the waving effects originating from the dotted patterns. Figure 9 illustrates how the cloudy streaks can join with the other depth cues to enhance the impression that some parts of the stimulus have different depth from other adjacent areas (see figure 9 caption). Figure 9 . Two dark waving shapes simulate the effects of illusory waving deforming the horizontal continuous stripes in figures 2b and 2c. The irregular light-grey shapes in the white central space represent the cloudy streaks appearing in the linear patterns. The hypothesis (see text) is that these illusory figures induce the visual system to compute a bending in depth. The dotted curved lines follow the waving contour of the horizontal shapes but deviate when flanking the streaks to simulate a displacement in depth. Note that the path of these lines has higher wave frequency than the waving contour of the dark shapes.
Conclusions
The source of the illusory effect of waving described here, occurring in first-glance observation, differs from that of the same phenomenon perceived where the observation involves prolonged fixation. We have hypothesised that the illusion originates from small variations in depth cues, which the visual system interprets as deformation of flatness of the surface the points lie on. This phenomenon extends to shapes near the dotted patterns, which give the illusion of undulation.
We have chosen not to enter into the controversies surrounding the role of the different sources of error in the spacing computation, and furthermore have not addressed the problem of whether neural mechanisms are involved. Before considering the physiological basis of our explanation, we need to make a comprehensive exploration of the role of the dotted patterns as sources of illusory effects. Achieving this runs up against a number of difficulties. First, there is evanescence, the rapid appearance and disappearance of the effects, which is elusive to the central perception. The observer has to acquire skill in capturing the impressions perceived with the peripheral or parafoveal region of the retina and then following their movements.
It might also be that illusory variations in brightnessöthe blurred shadows that form temporarily in the visual field peripheryöconvey the crucial information that gives the impression of looking at a curved or corrugated surface. To test this possibility, new techniques (and configurations) are required that can help to capture these phenomena of evanescence.
On a final note, we should consider why in normal life we never notice the illusory misalignments described here. First, we do not normally notice apparent alteration of flatness unless we look in a particular way, such as viewing the surface from an oblique direction. Second, we are normally looking at surfaces while moving: the parallax can compensate for the ambiguity in the information of other cues.
